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Rotational structures near 4% in 123_.a
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The neutron-deficient nucled$3.a was studied via thé€?Mo(*°Ca,2ap) reaction at a beam energy of
184 MeV. Previously known bands were extended to a much higher spin, and in two cases the structures are
now observed near 40 In addition, three new sequences were identified and linked into previously known
bands. The Iowes(w,a):(+,—%) structure displays characteristics similar to those of analogous bands in
127.129 &, which have been proposed as examples of smooth band termination. Cranked Nilsson-Strutinsky
calculations were compared with the experimental dat&dm to determine whether this band is approaching

a terminating state as well.
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I. INTRODUCTION observed stated = 35%). However, the present prediction of

. . . terminating states below 50 for 1*3.a was a motivating
The lanthanum nuclei, having only seven protons O“ts'defactor to study this nucleus

the Z:SQ sh_eII gap, are located in a trans_ition_al region be- In an experiment designed to study high-spin states in
tween vibrational and well-deformed nuclei. In isotopes neaggerely neutron-deficient rare-earth nuclei, the nucleus
N=75, this has led to prolate-oblate shape coexistence i3 4 was produced in a relatively weak reaction channel.
Yaf[1], as welllas to thg p033|_b|I|ty of triaxial deformation However, the sensitivity of the Gammasphereay array[8]
based on the claims of chiral-twin bands'i#**ta[2,3]. As  and the selectivity of the Microball charged-particle arfay
the La nuclei become more proton rich and approach midallowed for the extension of previously known structures
shell atN=64, they become more resilient to shapedriving[j_o] to angular momentum values near #40As mentioned
effects at lower spins. However, recent calculations suggestbove, this is near the region of predicted band termination
that shape coexistence may occur in La nuclei at very higltor La nuclei. Characteristics of the loweétr,@)=(+,-3)
spins[1=(40-50%] in the form of smooth band termination band in!?3.a are apparently consistent with smooth band
[4]. Indeed, experimental evidence for this phenomenon watermination. Therefore, an investigation into possible termi-
observed int?”:1?1 a [5,6]. Therefore, it is of interest to in- nation has been performed by comparing the experimental
vestigate whether this phenomenon can be observed overdata with cranked Nilsson-Strutinsky calculations. In addi-
broad range of La nuclei. A previous study 8fLa [7] did  tion, three new sequences have been associated'%it,
not show any indication of band termination at the highestand configurations have been proposed for each.

* . . Il. EXPERIMENTAL DETAILS
Present address: Department of Physics, United States Naval

Academy, Annapolis, Maryland 21402. The reactiorf®Ca+*’Mo was used to produce these light
"Present address: Chemistry Department, Washington Universityare-earth nuclei witZ=57—-60. A beam energy of 184 MeV
St. Louis Missouri 63130. was selected and the target consisted of a 0.625 ntggelh
*Present address: Department of Radiation Oncology, Universitgupporting foil of%Mo. The experiment was performed at
of Florida, Gainesville, Florida 32610. Argonne National Laboratory and utilized GammaspH8&ie
Spresent address: Los Alamos National Laboratory, Los Alamosin combination with the Washington University Microball
New Mexico 87545. [9]. Gammasphere consisted of 99 Ge detectors for this ex-
'Present address: Department of Nuclear Physics, China Institugeeriment. Althought?®La was populated in a relatively weak
of Atomic Energy, P.O. Box 27618), Beijing 102413, China. reaction channe(~1.3% of the ~580x10° five-fold or
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higher events recordgdthe selectivity of the Microball al- TABLE I. yray energies and intensities ##La.
lowed for an extremely clean separationofays in coinci-
dence with the @p channel leading td%La. These transi- 1™ Eievei(keV) E,(keV)" L DCO
tions were corrected for Doppler shifts and sorted into an Band 1
E,X E7_>< E, cube that was inspected with tReDWARE [11] 74 2244 189.0 1®) 0.912)
analysis package. 2
The relative spin assignments were determined through a,, 224.4 ~7 0.634)
directional angular correlation of oriented statd3CO) 2 549.3 324.9 @) 0.932)
analysis. To obtain this information with sufficient statistics, __ 509.9 5.05
an angle-dependeri, X E, matrix was created, where the 7 987.5 438.2 34) 0.982)
energies ofy rays observed in detectors located at 31.7°, 717.0 3.92) 0.91)
37.4°,50.1°, 129.9°, 142.6°, and 148[8ymmetric forward ~ ¥* 1487.5 500.0 32) 1.022)
and backwardFB) angle$ were projected along one axis 814 <2
and coincidenty rays observed in detectors located at 79.2°, 2+ 1979.5 492.0 3@) 0.962)
80.7°, 90.0°, 99.3°, and 100.8° were projected along the27+ 2519.1 539.6 3a) 1.092)
other. DCO ratios were determined by the following expres- 31+ 3152.7 633.6 30() 1.113)
sion: %5+ 3882.8 730.1 27@) 0.952)
39
. (at FB, in coincidence withy, at~ 90 °) 473: 4703.6 820.8 216) 1.0%5)
Roco= — : , ~ 5607.6 904.0 15@) 1.094)
Iyl(at~ 90 °, in coincidence withy, at FB) i 6589.8 982.2 13 1.175)
51+
wherel,, is the intensity of they ray of interest andy, is 575+ 7650.2 10604 ® 1.1007)
a stretchedE2(Al =2) transition. With the detectors at the % 8791.9 1141.7 5@ 1.028)
given angles, expectehco values are approximately 0.5 7% 10020.2 1228.3 2@ 1.0212)
for pure dipole transition§M1 andE1) and 1.0 for quad- % 11338.3 1318.1 <2
rupole transitions(E2). The measured DCO ratios are %* 12753.1 1414.8 <2
summarized in Table | along with the energy, spin, and 3* 14272.3 1519.2 <2
parity of the states, as well as the relative intensity of the 2+ 15896.5 1624.2 <2
depopulatingy rays. Where the statistics were too low to Ly (17652 (1759 <2
perform DCO analysis, multipolarities were assigned as- Band 2
suming that rotational band characteristics persist. z 1797.9 11235 <2
2+ 2325.3 527.4 <2
Il. LEVEL SCHEME 1101.9 4.05) 0.467)
In an earlier work on*?3_a [10], three rotational bands 3 2905.9 580.6 6(3)
were identified, but no linking transitions were observed be- 1011.5 7.16) 0.564)
tween the bands. The level scheme ¥#ta deduced from 5 3574.0 668.1 13(3)
the present work is given in Fig. 1. The previously known 911.6 3.93) 0.644)
structures were extended to much higher spins, and are la3* 4336.6 762.6 15(®)
beled as bands 1, 3, and 6 in Fig. 1. In addition, three new“zl+ 5189.5 852.9 14®)
structures, labeled as bands 2, 4, and 5, were also identifieds> 6131.3 941.8 9(B)
Linking transitions were established for the first time be- 49+ 7168.2 1036.9 8@)
tween bands 1-5 and as a result, the relative excitation enerss+ 8306.5 1138.3 4(®)
g|e§ of these sequences are now firmly established. The oré, 9550 3 1243.8 2@)
dering of transitions in the level scheme was based on theZ,
. . . L= 10892.5 1342.2 <2
observed coincidence relationships and the measured relativg,, 123071 14346 -
intensities. Spin and parity assignments for bands 1, 3, and 6659+ : :
were suggested by Wysg al. [10] on the basis of system- 2 (13852 (1529 <2
atics, observed band crossing behavior, and the smgle- Band 3
particle orbitals expected near the Fermi surface. We are iny~ 39.8
agreement with these assignments, however, these, along™ 270.5 230.7 ~120 0.911)
with all new assignments, must be considered as tentativey- 673.8 403.3 =100 0.942)
since the spin/parity of the ground state has not been estab23- 1223.8 550.0 8a) 1.0Q1)
lished through a direct measurement. 277— 1894.4 670.6 @) 1.002)
Prior to our work, band 1 was reported uplfe=3* [10]; 31- 2662.4 768.0 5@) 1.023)
it is now extended td™=(%"). A spectrum of band 1 is & 3512.1 849.7 3@) 1.004)
showp in'Fig. 2a), which is.a r.esult of summing al?! possible %9_ 44375 925.4 2a) 0.974)
combinations of double coincidence gates abovetstate. o 54379 1000.4 16(8) 1.005)

There are two transitions decaying from t%wtate with en-
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TABLE I. (Continued) TABLE I. (Continued)
| Epepei(keV) E,(keV)° 1 DCO | Eiepei(keV) E,(keV)"° 1S DCO
4- 6510.9 1073.0 13(8) 0.947) 369.2 3.32) 0.547)
h 7652.8 1141.9 9@) 1.379) 2+ X+4937.4 805.3 7@
8- 8863.5 1210.7 4@) 417.9 2.22) 0.538)
2
- 10142.3 1278.8 4(3) 4 X+5840.8 903.4 5@)
&- 11490.3 1348.0 <2 467.0 1.81)
g- 12909.7 1419.4 <2 S X+6842.1 1001.3 5@)
- 14408.4 1498.7 <2 o X+7938.0 1095.9 48)
= 15993.1 1584.7 <2 =+ X+9132.3 1194.3 2@)
©- (17663 (1670 <2 2+ X+10425.2 1292.9 <2
Band 4 g X+11810.9 1385.7 <2
¥ 957.1 687.0 2. Band 6
917.5 <2 & X+449.2 449.2 6.3)
el 1351.8 394.7 2®) 239.5 311) 0.586)
678.0 3.43) o X+1008.5 559.3 13(8)
1081.4 5.08) 292.1 18.%8) 0.546)
z- 1856.1 504.3 9@) 2+ X+1656.3 647.8 13(6)
1182.3 3.4 333.6 11.%5) 0.596)
z- 2466.4 610.3 9@) 2+ X+2365.5 709.2 13@)
1242 <2 360.1 7.24) 0.576)
- 3173.2 706.8 6@) 2+ X+3075.1 709.6 12(9)
- 3968.2 795.0 4G) . 349.4 5.74) 0.596)
- 4851.9 883.7 4@®) il X+3763.2 688.1 9%)
43—
5 5830.1 978.2 3®) . 346.1 3.12)
£ 6905.4 1075.3 2(3) 3 X+4519.5 756.3 9@
2 8068.1 1162.7 2@) " 387.1 2.92) 0.7217)
- (9289 (122)) <2 4 X+5373.8 854.3 7@)
Band 5 436.4 1.82) 0.557)
a- 1735.3 (1062 <2 Sy X+6326.8 953.0 5(B)
25- 485.8 1.71
> 2304.1 568.8 <2 o )
1080.3 3.76) 5 X+7375.8 1049.0 5(8)
2 2968.4 664.3 3@) 5+ X+8521.9 1146.1 5(B)
1072 <2 3+ X+9765.6 1243.7 4@)
- 3727.4 759.0 5@ g X+11107.0 1341.4 <2
377- 4571.3 843.9 4(B) %5+ X+12541.9 1434.9 <2
41—
4?5 5498.3 927.0 43 #Spin and parity of the depopulated state.
5 6503.6 1005.3 2®) ®Uncertainties inE, are 0.2 keV for most transitions, except for
479‘ 7579.7 1076.1 <2 relatively weak transitions where 0.5 keV uncertainties are appro-
= 8701 1121 <2 priate.
Band 6 ‘Relative intensity of the transition whetg(403.3=100.
il+ X+209.5 209.5 ~45 0.55%6 . . .
&, ) ergies of 189.0 keV and 224.4 kg¥ee Fig. 1. ADCO ratio
£k X+716.1 506.6 10(®) . e
2 267 1 231 0.556 of 0.91(2) suggests that the formerray is anE2 transition
1os X ) -536) while the 224.4 keVy ray is likely aAl=1 transition due to
2 X+1322.4 606.3 13(6) its measured rati®yco=0.694). Thus, the 189.0-keV tran-
3 314.4 15.46) 0.525) sition is placed as an inband transition in Fig. 1 and the
2 X+2005.0 682.6 13@) 224.4-keVy ray is shown as a decay to the lowest observed
349.7 743 0.586) state in'?3.a. It is possible that this is the ground state,
& X+2724.7 719.7 11®) however, a receng decay experiment could not determine
359.5 7.03) 0.596) the ground-state spin or paritjl2]. Although band 1 is
e X+3417.0 692.3 11(8) ~700 keV above the yrast sequend®and 3 at low spin
342.9 4.52) 0.556) (I<2), it becomes yrast at and abole3. Linking transi-
& X+4132.1 715.1 7@) tions were observed between bands 1 arfde® Fig. 1 and

a DCO ratio of 0.91) was determined for the 717.0-key
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FIG. 1. The level scheme proposed #éfLa. The width of the arrows is proportional to the transition intensity. Tentative transitions are
denoted by dashed lines. Spin and parity assignments are considered tentative as explained in the text.

ray. From systematics of similar ban{&4], the linking y  state based on the systematics of heavier La isotopes and its
rays are likelyl — 1 transitions(consistent with the measured suggested configuration. In gdecay study[12], states of
DCO ratio), thus resulting in a bandhead spinfThis is in spinsZ, 3, and ¥ in 12Ba were directly fed by**La. This
good agreement with the proposed configuration of band Jindicates the presence of a high-spin ground state or of a
as discussed below, and the assignment in Ré). ~ B-decaying isomer in*3 a. From the present work, it is

_ As previously stated, band 2 was observed for the firSgjear that thek!™ level is not the ground state as it lies 4 keV
time and a representative spectrum is shown in High. 7he 56 the bandhead of band 1 and 40 keV above the lowest
four lowest states of this band strongly feed band 3 throughyae gpserved. However, as the transition decaying from the

high-energy transitions. The DCO analysis indicates that thei- . .
011 6.6V 1011 5-keV, and 1101 0.kev linking ransitions 2 bandnead of band 3 to the possible ground state is of low
are nearly70f pure dipol,e charact@ee Table), which sug- energy(~40 keV) and high multipolarity(perhapse3), the

11-
gests that they most likely correspond Ei transitions.

lifetime of the 3~ state is likely quite longon the order of a
Thus, I™=2* has been assigned to the 1797.9-keV level in5¢c0Nd according to Fig. 5.2 in R¢L3]] such that decay

band 2 as odd parity is associated with baride below. It from this level is certainly possible. The present data allowed

is interesting to note that while bands 1 and 2 both have evef¢r the extension of this band frofi” to %~ and a represen-

parity, no linking transition between the sequences was obfative spectrum is given in Fig.(8).

served. Band 2 was observed up to a relatively high angular The lowest state in band 4 was observed at an energy of

momentum state df). 957.1 keV. It decays into both thg and % states of band 3.
Band 3, as displayed in the level scheme of Fig. 1, is thelhese linking transitions, plus those coming from higher-

most intensely populated structure at lower spinsZfa.  spin states, can be observed in the sample spectrum provided

Wyss et al. [10] proposed thelz—l‘ assignment for the initial in Fig. 3(b). This decay pattern limits the choices of spin for
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FIG. 2. (a) Spectrum of band 1 produced by summing all pos- FIG. 3. () Spectrum for band 3 produced by summing all pos-
sible combinations of double coincidence gates abovelttstate.  sible combinations of double coincidence gates abovésttatate.
(b) Spectrum for band 2 resulting from a sum of spectra over all(b) Spectrum for band 4 created by summing spectra for all possible
possible double-gate combinations of the in-band transiticr)s. combinations of double-gated spectra placed on in-band transitions.
The spectrum for band 6 obtained by summing all clean double¢c) Spectrum for band 5, which was the result of the same proce-
gated spectra of in-band transitions. The high-energy transitions gfure as described for band 4.
all bands are displayed in insets, and peaks denoted by * are asso-

ciated with band 3. ment has been given, based upon the proposed configuration
discussed below.
the lowest state to eithéf or 175 as onlyE1, M1, andE2 The strongly coupled sequence labeled as band 6 in Fig. 1

transitions are normally observed in prompt spectroscopyV@s assigned §+ bandhead spin/parity based on the pro-
Unfortunately, the linking transitions from this structure to po.z_,sed configuration in Ref10]. This structure was extended
band 3 were too weak to obtain meaningful DCO ratios. Ato 3" with the present data and a spectrum for both signa-
spin of =2 is favored for the 957.1-keV level based upon tures is shown in Fig. @). No linking transitions were ob-
energy and population intensity considerations; howevgt, a Served between this structure and the other bandsira.
assignment cannot be completely ruled out. In addition, tha"deed. inspection of Fig.(2) reveals that there are no co-
decay and in-band characteristics of this sequence are simil{tcidence relations with any of the other sequences presented
to a structure if?La (labeled as band 6 in Reff7]) whose above. Thus, it is I|I§ely that band 6 also has an isomeric
lowest state was determined to haie quantum numbers. bandhead with a lifetime greater than that of the prompt time

Thus, odd parity is also tentatively assigned to band 4 irgate(~80 ns) used for this analysis. It should be noted that a
123 g similar structure int?®_a appears to be based on an isomeric

The weakest structure observed iffLa is denoted as state as wel[7].

band 5 in Fig. 1 and a spectrum is presented in F{g).3

Once again, relative spin assignments could not be proposed IV. DISCUSSION
from a DCO analysis due to insufficient statistics. However,
since band 5 was seen as high in energy as band 4, it is likely
that these bands are relatively close in energy at their highest In order to facilitate a discussion of the configurations
observed spins. Therefore, a spin ef%l has been tentatively associated with the structures i#La, the aligned angular
assigned for the lowest state, which suggests that the linkingnomenta of bands 1-6 are plotted as a function of rotational
transitions are likely dipoles. A tentative odd-parity assign-frequency in Fig. 4. The ground-state band from the core

A. Cranked shell model calculations
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: v o Band4 shell model for'23_a. Deformations are listed in the figure and were
0k - ¢ Band5 4 derived from total Routhian surface calculations.
- - 122Ba 4
| ! | ! | ! | ! | ! ) ) .
0.0 0.2 0.4 0.6 0.8 ~(0.36 MeV. Both crossings are interpreted as resulting from
the alignment of the lowegt uasiprotongE,F,) which
hw (MeV) 1172 prp

are the only orbitals near the Fermi surface that can produce
this large increase in angular momentum. Since EjE,
crossing is observed in band 1, tfE50]1/2 configuration is
ruled out as this crossing would be Pauli blocked. A strongly
coupled sequence is expected to be associated with the
[404]9/2 configuration; thus, band 1 is likely a mixture of the
low-K ds, andgy, orbitals. Although band 1 is a mixture of
these two even-parity states, one can determine which orbital
likely dominates the wave function from the observed fa-

parameters [17] of = %=17.0a%/MeV  and 71 ey signature. The favored signature is normally dependent
=25.8%%/MeV® were adopted from previous studigi0] to upon thgj of the shell amf:(llzg)(_l)j—llz. thus,af:y+% ?or

subtract the angular momentum of the collective core. Ob—5l2 anday=—1 for gy, As band 1 has=-3 and is the most

Ezgi:e?alt))gl?r? Csrzﬁ?;%ié?ﬁ l\?v?]?(l;f]dt;]ré ';'1%5? f:\sllglrged;m alph avored even-parity sequence, it is likely best associated with
rotons andgneutro svith sianaturesy=—1 and 4 arelé/ez- the g;,J422]3/2 orbital. This conclusion is in good agree-

P e 9 L2 2) ment with the proposed bandhead spin and the assignment of

noted ask,, F, andE, F, respectively. The second favored Ref. [10]

pair of hyy, protons are known a&, andH,. Cranked shell One ma : :
; . y note that the CSM calculations predict Ejg,
model(CSM) [19] calculations were performed using defor- crossing to occur near 0.35 Melgee Fig. 5. Although this

mation parametergs,, B4, and y) determined by total o . : .
: . ; . prediction appears to be in good agreement with the crossing
Routhian surfac€TRS) calculationg20] in order to interpret frequency in the ground-state sequencé?@a, it is higher

the qbserved crossings and are presented in Eig' 5. With fhan the experimental crossing frequency observed in band 1.
predicted ground-state deformation@=0.27 for*?3_a, the A similar phenomenon was reported for the lowésta)
bands based on thg;,]550]1/2, ds,,[420]1/2, g;4422]3/2, =(+ _%) configuration in25127.12p 3 [7,14,§ and'?'Cs[21].

ﬁggrg%{f?;grgﬁ :ngiles Yifge? ?{%}l_logzgd S:Egiiiﬂ Stt?csbeWysset al.[10] in\_/(_astigated the possibility that the.inﬂuence_
such as alignment behavior aBM1)/B(E2) ratios are dis- of qugdrupole pairing could be thg cause for the difference in
cussed to associate the observed band$¥ma with the  C'SS!NY frgqgenues between this sequence and the ground-
orbitals mentioned above. state band |ﬁ 2B_a. By including a quadrupole pairing term
in the Hamiltonian, it was found that blocking a down-

sloping orbital reduces the pairing field. Indeed, their calcu-
lations reproduced the crossing frequency for band 1 by re-

Alarge alignment gain is observed at a crossing frequencyucing the proton pairing gap, by 25% as compared to that
of fiw,~0.26 MeV for band 1. As seen in Fig.(a}, the of the ground-state band #¥°Ba. Such effects are amplified
ground-state band i*??Ba displays a similar gain in align- in regions where the level density is low, in this case when
ment, but the crossing occurs at a higher frequencfiaf  the proton Fermi surface is near tAe50 shell gap.

FIG. 4. Aligned angular momentum vs rotational frequency for
(a) bands 1, 2, 5, and 6, as well as fb) bands 3, 4, and 5 it?3.a.
The ground-state band i#?Ba is included for comparison. Harris
parameters off,=17.0%2/MeV and J,=25.8%*/MeV® were used
to subtract the angular momentum of the core.

nucleus?®Ba [15,14 is also plotted for comparison. Harris

1. Band 1
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FIG. 6. Alignment of thg422]3/2 bands int23125127.105 Har-
ris parameters of/,=17.04%/MeV and J,=25.8%4/MeV® were R (MeV)
used for each nucleus.

o . . FIG. 7. Dynamic moments of inertia for bands 1-5%.a. The
A gradual gain in alignment is observed in band 1 follow- gg and F,Gp crossings are shown in the figure.
ing the E,F, crossing. In order to identify the nature of this

rise, the alignments of thgt22|3/2 bands int?3125127.184 _ - :
! 9 B122 ! Ifis most plausible that bands 1 and 2 have similar configu-

are compared in Fig. 6. One may observe that a second '; . )
crossing, which has been attributed to the rotational alignf@tions, and the latter is assigned thts >/ 97,5 EgF, con-

ment of hy;,, neutrons(EF crossing, is quite noticeable in fig_uration_. Since band 2_has the opposite signature of band 1,
the three heavier La isotopes. A trend in the crossing frelt iS & mixture of the signature partner of band 1 and the
guency can be established from this plot where the alignmerfvored signaturéa=+1/2) of the mds;, sequence. The lack
occurs at successively lower frequencies with decreasingf linking transitions between these two sequences suggests
neutron number. This is the result of the lowering of thethat the latter component may be favored. Once again, the
neutron Fermi surface in thie;;,, shell such that lowef)  gradual gain in alignment ne&w=0.4 MeV is attributed to
orbitals are occupied. It takes less energy to align the lattethe EF crossing and no further crossing is observed in band
orbitals, thus this is an expected trend. Another feature tha up tohw=0.7 MeV.

can be discerned from Fig. 6 is that the interaction strength

increased significantly for theF crossing betweet?®.a and 3B
127 ! o . . Band 3
La. A systematic study of th&F crossing in Cs nuclei _ _ _
revealed increasing interaction strengthNadecreases from Figure 4b) displays the aligned angular momentum for

74 to 66[21]. In fact, 1?'Cs, the isotone of?da, displayed band 3. This structure does not experience the low-frequency
the largest interaction strength of all the Cs isotopes. It wasrossing observed in band 1 or in the ground-state band of
suggested that an increase in neutron-proton interaction2?Ba. Thus, theéE F, crossing is blocked, which implies that
causes the stronger band mixif#f]. Thus, one may expect band 3 is based on tH&50]1/2 orbital as discussed in Ref.

a large interaction strength for this crossing'ff_a as well, [10]. In addition, the large initial alignmerit-5#) expected
and the alignment gain near 0.44 MeV in band 1 is interfor a high{, low-K state supports this assignment. An align-
preted as the manifestation of th&- crossing. This fre-  ment gain is observed to occur over a frequency range of
quency is in good agreement with the CSM prediction thwC:0.35—0.68 MeV[see Fig. 4b)]. Inspecting the dynamic
fiw;~0.42 MeMnot shown. The alignment appears to de- \oments of inertia(3?), which can be a more sensitive
crease foIIow!ng the=F crossing, however, this is likely 'to indicator of interactions, for bands 1-5 in Fig. 7, one ob-
frreesutllznféon}ivg?p&ggie rar:;'call(;nrse |i30ar:ameters for the hlgh'serves a peak neéww.~0.45 MeV for band 3. This is simi-

q Y. q P gon. lar to the behavior found for bands 1 and 2; therefore, some

of the alignment gain is associated with tB& crossing.
2. Band 2 However, band 3 experiences a second peak irfitHeno-

The lowest observed state in band 2 is at 1797.9 keVment near 0.60 MeV that is not observed in bands 1 and 2.
suggesting that it is initially a three-quasiparticle structure.This is likely due to theF,G, crossing which is predicted to
Inspection of the alignments for bands 1 and 2, shown in Figoccur athw.~0.61 MeV by the CSM calculations in Fig. 5.
4(a), reveals that the two structures have nearly overlapping his assignment is consistent with the obsertg@,, cross-
values betweeniw=0.25-0.45 MeV. This indicates that ing at w,~0.64 MeV in the[550]1/2 band of 129 5 [7].
band 2 is observed following thE,F, crossing that likely ~ Therefore, the alignment gain observed in Fig)4or band
occurred at a low crossing frequency as seen in band 1. Thu3,is the result of both th&F andF,G, crossings.
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4. Band 4 6 ———4———F—+—F——r—1————

The energy of the lowest state observed in band 4 r 1
(957.1 keV forbids a three-quasiparticle assignment as this
is well below the rotational energy necessary to break a pair
of nucleons in*?3.a. However, the large initial alignment
(~5h) seen in Fig. &) for this sequence also forbids the
7(dsj»/ g7/2) and 7rggy, configurations, as these orbitals cannot
produce such large alignments. Indeed, the only orbital near
the Fermi surface that can provide a large initial alignment is
thehy 4/, state. Therefore, there are two possible scenarios for
this structure. Band 4 may correspond to the unfavored sig-
nature of band 3, in which case the spins would have to be 1r L - .
decreased by one unit df from those shown in Fig. 1. 3 T
Although this configuration cannot be completely ruled out, ol vy
such a change in spin would significantly move band 4 away 6 8 10 12 14 16 18
from the yrast line, and this would not be consistent with the Spin (N)
observed intensity. Instead, this sequence is proposed to be a
quaSi‘y'Vibrat_iona! b_and based on thjﬂ'M/Z 90nfi9uraﬁ0”- FIG. 8. Experimental (symbolg and theoretical (lines)
Structures with similar decay pattertie., with bothl =1 gm1)/B(E2) ratios for band 6 in?3.a. The parameters used for
-2 andl —1 linking transitiong and excitation energies have the calculated values are discussed in the text. The solid and dashed

B(M1)/B(E2) [(un/eb)?]

been assigned this configuration #{312>12Cs [22-24, lines represent thegy,, and mgq/,E,F, configurations, respectively.
1241284 25,24, '?%La [7], and *?’Ce [27]. Similar to the
analogous structure if*La, the EF crossing occurs at a 6. Band 6

slightly lower frequency and has an even larger interaction The proton[404]9/2 orbital arising from thagg, shell is

strength than seen in the pur,,;, sequenceband 3. In the closest highk state near thé*3.a Fermi surface at pro-

addition, at the highest frequencies observed in band 4, the.rlgte deformation. A strongly coupled structure is expected for

appears to be the beginning of another alignm_ent. This his configuration, thus, band 6 appears to be a good candi-
oceurring near th@pGP crossing frequency. seen in band 3, date for this excitation, as suggested in R&f)]. The align-
which is consistent with the proposed assignment. ment plot of band 6, shown in Fig(a, displays a crossing
at iw,~0.34 MeV. The crossing frequency and alignment

5. Band 5 gain appear to be consistent with those observed in the
round-state band of?Ba. It was concluded in Ref.15]
at the total alignment gain in the ground-state band of
#Ba resulted from a combination of ttigF, and EF cross-
ings. Thus, these same alignments are associated with the
increase of~117% observed for band 6 in Fig.(d). The
reducedEyF, crossing frequency is not observed with the
7Qq, band as blocking this up-sloping orbit@ersus as
flown-sloping orbital, as in band),lonly has a small effect

A three-quasiparticle assignment is possible for band 5 a
the lowest state is observed at 1735.3 keV. The large initiai
alignment for this structur¢see Fig. 4b)] indicates that at
least onehy, proton is involved in its configuration. It is
possible that band 5 has a(ds/,/g7,)EyF, configuration.
However, its alignment values are consistentts lower
than those of bands 1 and[gee Fig. 4a)]. One would ex-
pect alignment values similar to those of bands 1 and 2 i I
band 5 has this configuration. Since this is not the case’n the pairing field28].

another scenario has been considered. One may notice th ¢In order to furthe_r confirm this configuration for band .6’
the alignment values of bands 4 and 5 are quite similar belo'¢ BIML)/B(E2) ratios were extracted and compared with

: : S theoretical predictions. Experiment&(M1)/B(E2) ratios
.5 MeV Fig. hich hat th
0.5 MeV [see Fig. )], which may indicate that the two \were determined from the observegray energies and

ha:c/e rela(ljte(_j structurefs.hThus, l?"?‘kr)‘ ds colutl)d pOgSib(ij be ﬂ1)ranching ratios according to the standard fornj@gj. The
t t t . :
unfavored signature of the quagivibrational bandband 4 results of theB(M1)/B(E2) analysis are displayed in Fig. 8

This unfavored signature of the quasiibrational band is 1 i .
not often observed in this mass region; however, it was see?’llon.g with the results of the theoreuga_l calculations. The
to high spin in*?®Ba [26]. It was noted in Ref[26] that the rotational model form of thdB(E2) transition strengtt29]

signature splitting was greatly reduced following thg, and an extended formalisii80] of the geometrical model

proton alignment, as the latter has the effect of stiffening thd"®M Donau[31] and Frauendorf32] for the B(M1) strength

nuclear shape. Bands 4 and 5 are found to have some spl?‘efere used to calculate theoretidM1)/B(E2) ratios. An

ting (~100 keV), however, this is smaller than the value ob- mtrin_sig uadrquIe moment d@,=4.58eb from the TRS
served(~250 keV) before the proton alignment foy band prediction of 8,=0.285 was assumed for they,,, state. The

in 1268a. Therefore, the prolate drivirtg,,, proton, on which collective gyromagnetic ratio was taken gs=Z/A while
the vibration is based if?La, appears to lessen the splitting 9«([40419/2)=1.27 andg,([550/1/2)=1.17 factors were de-

between the quasi-vibrational signature partners. While
this interpretation is plausible, it is not conclusive and further The TRS calculations predict a slightly larger deformation for
work is necessary to verify, or disprove, our assignment.  this structure than the other sequence$?ha.
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termined from a Woods-Saxon potential calculation. Initial L
alignment values for the one quasiparticle and three quasi- L o ]
particle configurations were obtained from Figay@ The 20 |e'%a oo ]
measured®(M1)/B(E2) ratios show good agreement with the r 2127 g s /A ]
theoretical values for th¢4049/2 orbital at a lower spin S .50 [°*La o ]
although a small overestimation is found in the calculated 2 i P pd bt ]
quantities, which may indicate a higher deformation than that =~ r Ve 1
predicted by the TRS calculations. A good fit between ex- 3 10t D/“/A/ -
perimental and calculated ratios is also achieved adove = L D‘zjﬁ/ﬁ ]
:2—29 when assuming argy,,E,F, assignment at higher spins. @ 05: A/A' o 1
w L /./o‘._.7.-0/0-.‘0-0—0—0/."/ ]
C o ]
B. Nilsson-Strutinsky calculations 0ok aﬁé/ b
A well-deformed nucleus usually increases its angular I 1
momentum by collective rotation. However, the collective b

angular momentum is built from contributions of the differ-
ent nucleons outside closed shgtlse valence nucleohsind Spin (h)
is therefore limited. In a specific configuration, the contribu-
tions from the valence nucleons may reach their maximal FIG. 9. Excitation energy of states minus a rigid-rotor reference
value at some high-spin state. In sucheaminating state (E-Eg.p) Vs spin for the lowest+,—3) sequences if?31271%0 4,
[4,33, all spin vectors are quantized along the rotation axisThe A-dependent constana was determined by scaling
and the angular momentum is built as the sum ofaligned ~ =0.007 MeV forA=158 byA>" [4] for each nucleus. This leads to
spinsfrom individual nucleongand nucleon holeutside a @ value 0fa=0.01063 MeV for'*1.a.
closed shell. On its way to termination, a particular configu-
ration will generally evolve continuously from high collec- One observes for banl a constant valug~0.4 MeV) over
tivity at low spin to a noncollective state at the highest spin.the large spin range di~10-33 in theE-Eg, plot, fol-
In doing so, the nucleus migrates from a prolate deformatiofowed by an increase in energy, similar to that found in the
(y=0°) through the(s, 7) plane to an oblatéy=60°) shape as terminating bands of*"**La. Another indication of termi-
angular momentum increases. This shape evolution has be@ating states is that the dynamic moment of inefif de-
termed agsmooth band termination. Bands associated with creases continuously as a function of rotational frequency
this phenomenon have been identified An~110 nuclei and reaches the minimum value at the terminating pleiht
[4,34,33. The corresponding configurations have one or twoFrom our experimental data, a declineli? is observed for
protons inhy 4, orbitals and two proton holes igy;, orbitals ~ band 1 in'*3.a (see Fig. J. Thus, at rotational frequencies
(2p—2h excitations across th=50 shell gap above~0.65 MeV, the observed® is considerably below

As the proton number increases ab®&=53, the termi- the rigid rotor valueirigz45h2/MeV.
nating states involving proton holes will become experimen- In order to investigate whether the observed phenomena
tally inaccessible because they have very high spin and bere the result of smooth band termination, cranked Nilsson-
come unfavored energetically. Instead, terminating bandStrutinsky (CNS) calculations were performed similar to
based on configurations with a closed proton core may b#&ose described in Reff5,6]. The results are shown together
observed. These configurations are analogous to those of théth experimental data for bands 1-3 in Fig. 10. Since pair-
terminating bands in Dy/Er nucl¢B6-3§ in the sense that ing is not included in the calculations, the results are realistic
either the proton or the neutron configuration has a few parenly above spin values of approximately 25, but they can
ticles outside a closed co(2=50 andN=82) combined with  provide a general description of the most important configu-
a few neutrons or protons outside a “semiclosed” core of 64ations also at lower angular momentum. The configurations
neutrons or protons. Often a few holes in this core argelative to theto’Sny, core were defined using the following
present. Theoretical calculatiof39] suggested that the La nomenclaturd4]:
isotopes would represent good cases to study band termina-
tion in configurations with a few holes in tHé=64 core. In [P1P2, N] = 7(Gor2) Pihy1/)P2G7/20s1) >0 PrPe
these configurations, _the maximum spin valud 390-50. ® 1(N11/2)"(G7 505 /503/551/2) N0
Recent work on heavier La nuclei provided the first experi-
mental evidence that smooth band termination may indeete., p; is the number of proton holes in thyg,, orbitals, p,
exist in127124 a [5,6]. is the number of protoh,,,, particles, and is the number

It is a general signature of smooth band termination that &f neutrons in théh,,;, orbitals. The parity of the configu-
minimum appears in a plot of the excitation energy minus aations is determined byr,y=(-1)P2"",
rigid rotor referencéE—Eg p) versus spin. This minimum is Band 1 in*?3 a is assigned to th422]3/2 configuration
a manifestation of the limited available angular momentumat low spin, suggesting that this structure should have an
that can be generated for the configuration involved. Sucleven number oh,,,, protons in the unpaired regime. Com-
evidence appears in Fig. 9 for the lowést a)=(+,-) bands  parison of the calculationgig. 10:a)] with the experimental
in 127124 3 [5,6], and, apparently, also for band 1 i#La.  values abové~ 30 indicates that th§2,6] configuration de-
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g i \ |®Band2 | | figurations of'?3_a whoseE—Eg, p curves are drawn in Fig. 10).
A= 1+ The equilibrium deformations for the different configurations are
| (c) Band 3 (-, -) A/ i drawn in angular momentum steps df.6
3t /A/ .
e Va /”/Z/A/ ] Band. 2 was 'assigned a(g7,g/d5,2)Epr configuration,
2r DSy & /Rf/é 7 suggesting that it has &,6] configuration at high spin, al-
] i ZA&Q% ;2: g Ao1,6 || though it is rather better described aglzb] configuration in
| \A.A.A_A-A"'”4:;5:@@2;‘@'@@%}'\ g | Fig. 1Qb). The irregular energies of thR,6] (m,a)=(+,+)
ol 00.0—0'0 mEERTT N |apse | band are caused by a broad energy minimum extending over
L |—<>'<>' | | | | N OIBa"“ ] |y| <20°, with the minimum jumping from positive to nega-
10 20 30 40 50 60 tive y values with increasing spin, see Fig. 11. The true mini-
_ mum would probably be described as a linear combination of
Spin () these “two minima,” resulting in a smoother energy curve.

_ ) Once again, the calculated crossing of fag] configuration

FIG. 10. Comparison of experimental and theoretiEalEg, p by the[2,4] sequence is ned=30, but the alignment plot in
energies. Cranked Nilsson-Strutinsky calculations described in th%i Aa) indicates that th@ nel;trons alian araduallv near
text produced the theoretical curves. Predicted terminating statqs:gz'o Thus. our experiméﬁ%al results ingicgte that ):Jan ds 1

are marked with a circle encompassing the symbol. The calculated d 2 stav in2 fi fi i to th .
yrast line for the given configuration is displayed as the dashed Iin%r;’lzq_: ay in2,6] configurations, contrary to those seen in

in each panel. - .
! P For band 3, shown in Fig. 16), the calculations suggest

scribes band 1 best. The studies of heavier La isot¢fles that, in the unpaired regime, this band is associated with the
reported that th¢2,8] configuration was associated with the [1,6] configuration at low spins and then with th&,6] se-
lower spin states of th¢422]3/2 bands and was typically quence at higher spins. At~25, the [3,6] configuration
crossed by th¢2,6] configuration, which leads to the termi- crosses the1,6] configuration, which reproduces the;,
nating state. It was found that the spin of this crossing wagroton alignment qualitatively. Indeed, in Sec. IV A 3 above,
very close to the spin of thle;;, neutron alignment as well. this band was assigned as built on an bglg, proton at low
Following the analogous case f&#d.a, the[2,4] configura-  spin and as containing two additional aligned protons at high
tion crosses th§2,6] configuration at=30 and terminates at spin. With this interpretation, it must have at least thngg,

I:%g [see Fig. 1(m)]. However, the profile of band 1 does not protons at high spin, i.e., the unpaired and paired calculations
correspond to that calculated for th2,4] configuration. In  give strong mutual support to the respective assignments. A
addition, the crossing dt=30 does not agree with the ex- difficulty with the present interpretation is that the unob-
perimentally observed band, where it was suggested that theerved[2,5] configuration is calculated to lie 500—600 keV
h;1/» neutrons align gradually near=20. Since the neutron lower in energy than thg3,6] configuration. A further prob-
h,1» alignment in band 1 is occurring over a large range inlem is that thg2,5] (-, +) configuration(not shown is cal-
frequency, it is difficult to observe this effect in tHe  culated to be located at an even lower excitation energy than
—Eg.p plot. Thus, band 1 appears to remain in [Bg] con-  the a=—-1/2 band shown in Fig. 10. Indeed, considering that
figuration, contrary to the smooth band terminating effectshis[2,5], (7,a)=(—, +) band is the lowest calculated band in
seen in the heavier La nuclei. As an uncertainty-&00 keVV  the spin rangé=30-40, it is difficult to explain why no band

is assumed for these calculations, [Bgf] configuration may  with this combination of parity and signature has been ob-
lie higher in energy than suggested in Fig. 10. Another posserved to high spin.

sibility is that the[2,4] band is indeed lower in energy in The present calculations indicate that none of the bands in
some spin range, but has not yet been observed. 123 a is observed to spin values close to termination. As seen
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FIG. 12. The single-particle energiesat oblate shape drawn vs their spin projection on the symmetry mxi§;he deformationg,
=0.125¢,=0.025, is chosen as an average to be approximately correct for those valence space configurations which are calculated to
terminate or come close to termination. Straight line sloping Fermi surfaces indicate the occupation of proton and neutron orbitals in the
terminatingl =46.5 state of th¢2,4] configuration.

in Fig. 10, only the[2,4] configurations can be followed to neutron configurations involving twods, neutrons.
termination in the CNS calculations, but these bands are apFhe [2,4] sequences with termmatmg statesla#48.5 and
parently not observed experimentally. Of th§®gl] configu- 49.5 are represented bYT[(hn/z)lo(97/zd5/z)10 5.11.9205,21.5
rations, the sequence denoted by open diamonds in Fig #{(hy1/)76(07/2052)10(0sr0)2 )0 relative to all“Sn core, re-
10(b) is perhaps the most interesting as its terminating statépectively. A straight-line neutron Fermi surface cannot be
(at 1=46.5 lies only ~0.5 MeV above the yrast line. Thus, drawn for this neutron configuration in Fig. (&, and a
future experiments may be able to resolve this sequence argdraight-line proton Fermi surface cannot be drawn for the
follow it to the terminating level herewith providing further 1,=20.5 configuration. Therefore, the terminating states will
tests of the calculations. However, the otf2#] configura-  lie well above the yrast line, as seen in Fig. 10, implying that
tions terminate at levels a few MeV above yrasee Fig. these terminating states will be difficult to observe experi-
10). mentally.

The tendencies for differerit-,+) configurations to ter- The other configurations in Fig. 1dmost notably, the
minate are illustrated in Fig. 11, where the calculated shapg2,6] configuration associated with bangriever come close
trajectories are shown in the,y) plane. Note that thg2,4]  to achieving termination. However, the CNS calculations do
sequence terminating &:46.5 is also shown as open dia- attribute the observed minimum in the-Eg,  vs spin plot
monds in Fig. 11, where the deformation values&x€.15,  for band 1(see Fig. 9 and its decreasing® (see Fig. 7 to
y=60° at termination. This noncollective level is built as the a manifestation of the limited available spin in the configu-
maximum-spin state in  the 7 (h1)%0(0720523, o5 ration. Indeed, it is apparent from Fig. 10 that the limited
® 1 (M1/2)76(072)7 5(ds12)1 slos  configuration, relative to a spin has an important impact on all the calculated configu-
1143%4 core, where the spin contribution from the different rations, independent of whether the bands terminate or not.
subshells is indicated by the subscripts. This specific state ¥ addition, the CNS calculations predict bands of small col-
also depicted in a diagram of the single-particle energies vetectivity in the I=50-60 range that terminate on the yrast
sus spin projectiolie vs m) [4] in Fig. 12. Note that in these line. These states have one or several particles in neutron
terminating states, it is possible to distinguish between orbitorbitals emerging from the shells above tNe82 gap(cf.
als with their main components in tlgg,,/ds, and in thedy,  Fig. 12. The lowest spin, noncollective yrast state of this
(or perhaps more property,/s, ;) subshells, respectively. A kind, atI=101/2, is built from threeh,,, protons, fourh;y,
straight-line Fermi surface representing the configuratiofeutrons, and onés, neutron. It terminates at an oblate
above can be drawn for both protons and neutrons in Fig. 1Zeformation ofe~0.25.

This configuration is somewhat special in that it involves
. . . V. SUMMARY
only onedg, neutron, which allows the straight line to be
drawn in the neutron Fermi surface. In contrast, [Aef] High-spin states have been investigated in the proton-rich

sequences with higher-lying terminating states both haveucleus?3a. Three previously known sequences were ex-
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tended to higher spins and three new band structures haweast line. Perhaps an experiment with a stronger reaction
been observed. Linking transitions were established for thehannel leading té?3a (such as those used in Rgf0]) and

first time between five of the bands; thus, relative excitatiora modern arraysuch as Gammasphereill allow for the
energies are now known. Configurations were proposed fopbservation of this low-lying terminating state.

the bands, based upon the observed alignment behavior. The
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